The present study was undertaken to determine whether T 3 , estrogen, and 11-ketotestosterone could alter a specific population of GnRH-containing neurons, as indicated by a change in messenger RNA (mRNA) levels in sexually immature male tilapia, Oreochromis niloticus. Two weeks after castration, fish were assigned to four treatment groups. One group served as the control (sesame oil); a single ip injection of (T 3 ; 5 g/g), estradiol benzoate (EB; 5 g/g), or 11-ketotestosterone (KT; 5 g/g) was administered to the remaining three groups. Twenty-four hours after the injection, brains were collected and processed for in situ hybridization histochemistry using 35 S-labeled 30-mer antisense oligonucleotide probes complementary to the GnRH-coding region of chicken II, salmon, and seabream GnRH. Computerized image analysis was performed to quantify mRNA concentrations, neuronal numbers, and neuronal size of the terminal nerve-nucleus olfactoretinalis, preoptic, and midbrain GnRH neurons. KT had no effect on any of the above neuronal parameters examined for salmon or seabream GnRH. Neither T 3 , EB, nor KT was effective to induce changes in midbrain chicken GnRH II mRNA concentrations, neuronal numbers, and neuronal size, indicating that an as yet unknown regulatory mechanism may operate midbrain GnRH neurons. T 3 specifically suppressed the concentration of terminal nerve salmon GnRH mRNA, and EB significantly increased preoptic seabream GnRH neuronal numbers. These results are consistent with the hypothesis that thyroid hormone, by suppressing terminal nerve GnRH expression, promotes inhibition of sexual maturation. Furthermore, the failure of KT, a nonaromatizable androgen, to influence preoptic GnRH neurons emphasizes that an estrogenic pathway, at the onset of sexual maturation, is responsible for the recruitment of additional preoptic GnRH neurons that are fundamental to reproduction and behavior. (Endocrinology 141: 1618 -1626, 2000) G nRH IS SYNTHESIZED during embryonic development, well in advance of sexual maturation, as evidenced by the presence of GnRH messenger RNA (mRNA) and protein within the brain at early embryonic ages in mammalian and nonmammalian vertebrate species (1-5). However, GnRH neurons at the onset of sexual maturation await appropriate chemical cues, which, besides a constellation of signals, include responsiveness to feedback by sex steroids (6 -13). Less is known about the interaction between thyroid hormone and GnRH gene expression in vertebrate species. There is, however, compelling evidence in the sheep that emphasizes the role of thyroid hormone in reproduction that could involve the GnRH neuronal system (14 -16). Furthermore, in rodents, hyperthyroidism during prepubertal development prevents maturation of the ovary, and in adults causes ovarian atrophy, cessation of estrous cycles, and alterations in reproductive behaviors (17, 18) . In amphibians and salmonids, at the climax of metamorphosis, which coincides with a peak in thyroid hormone, forebrain GnRH neurons develop elaborate neurite arborization and an increase in terminal nerve GnRH peptide concentration (3, 19 -21). More recently, the finding of thyroid hormone receptor colocalized in GnRH neurons raises the intriguing possibility of a direct influence of thyroid hormone on GnRH gene expression (22). Estrogen and thyroid hormone receptors are a superfamily of ligand-activated nuclear transcription factors. To activate transcription, thyroid hormone receptors and estrogen receptors bind to their own specific response element or compete for the common sequence motif in the estrogen and thyroid hormone response elements (23, 24) . It is, therefore, reasonable to predict that the influence of thyroid hormone on GnRH gene expression would parallel that of estrogen. However, although it has been known for years that altered estrogen levels effect GnRH neuronal numbers and GnRH peptide and mRNA concentrations, the available information is conflicting (25) (26) (27) . Furthermore, it is unclear whether testosterone or its aromatization to estrogen might be involved in the regulation of GnRH mRNA concentrations and neuronal morphology in male fish (28).
GnRH neurons. KT had no effect on any of the above neuronal parameters examined for salmon or seabream GnRH. Neither T 3 , EB, nor KT was effective to induce changes in midbrain chicken GnRH II mRNA concentrations, neuronal numbers, and neuronal size, indicating that an as yet unknown regulatory mechanism may operate midbrain GnRH neurons. T 3 specifically suppressed the concentration of terminal nerve salmon GnRH mRNA, and EB significantly increased preoptic seabream GnRH neuronal numbers. These results are consistent with the hypothesis that thyroid hormone, by suppressing terminal nerve GnRH expression, promotes inhibition of sexual maturation. Furthermore, the failure of KT, a nonaromatizable androgen, to influence preoptic GnRH neurons emphasizes that an estrogenic pathway, at the onset of sexual maturation, is responsible for the recruitment of additional preoptic GnRH neurons that are fundamental to reproduction and behavior. (Endocrinology 141: 1618 -1626, 2000) G nRH IS SYNTHESIZED during embryonic development, well in advance of sexual maturation, as evidenced by the presence of GnRH messenger RNA (mRNA) and protein within the brain at early embryonic ages in mammalian and nonmammalian vertebrate species (1) (2) (3) (4) (5) . However, GnRH neurons at the onset of sexual maturation await appropriate chemical cues, which, besides a constellation of signals, include responsiveness to feedback by sex steroids (6 -13) . Less is known about the interaction between thyroid hormone and GnRH gene expression in vertebrate species. There is, however, compelling evidence in the sheep that emphasizes the role of thyroid hormone in reproduction that could involve the GnRH neuronal system (14 -16) . Furthermore, in rodents, hyperthyroidism during prepubertal development prevents maturation of the ovary, and in adults causes ovarian atrophy, cessation of estrous cycles, and alterations in reproductive behaviors (17, 18) . In amphibians and salmonids, at the climax of metamorphosis, which coincides with a peak in thyroid hormone, forebrain GnRH neurons develop elaborate neurite arborization and an increase in terminal nerve GnRH peptide concentration (3, 19 -21) . More recently, the finding of thyroid hormone receptor colocalized in GnRH neurons raises the intriguing possibility of a direct influence of thyroid hormone on GnRH gene expression (22) . Estrogen and thyroid hormone receptors are a superfamily of ligand-activated nuclear transcription factors. To activate transcription, thyroid hormone receptors and estrogen receptors bind to their own specific response element or compete for the common sequence motif in the estrogen and thyroid hormone response elements (23, 24) . It is, therefore, reasonable to predict that the influence of thyroid hormone on GnRH gene expression would parallel that of estrogen. However, although it has been known for years that altered estrogen levels effect GnRH neuronal numbers and GnRH peptide and mRNA concentrations, the available information is conflicting (25) (26) (27) . Furthermore, it is unclear whether testosterone or its aromatization to estrogen might be involved in the regulation of GnRH mRNA concentrations and neuronal morphology in male fish (28) .
Our objective was to determine whether a specific population of GnRH neurons was altered by hormones in sexually immature male tilapia Oreochromis niloticus, a fish species with chicken II, salmon, and seabream GnRH mRNAsynthesizing neuronal cell bodies distributed in the terminal nerve, preoptic area, and midbrain tegmentum, respectively (28, 29) . Using quantitative in situ hybridization histochemistry with oligonucleotide DNA probes complementary to chicken II, salmon, and seabream GnRH mRNA, we examined the influence of T 3 , estrogen, and 11-ketotestosterone (KT; a nonaromatizable androgen predominant in fish) on GnRH mRNA concentrations, GnRH neuronal numbers, and neuronal sizes in castrated sexually immature male tilapia. In addition, we reconstructed the brain to determine the absolute value of GnRH neuronal numbers. Hence, except for our previous study using juvenile bonyfish (30) , the present study would provide the first evidence of the role of thyroid hormone, estrogen, and 11-ketotestosterone in the regulation of mRNA of three molecular variants of GnRH localized within the same brain in sexually immature bonyfish.
Materials and Methods Animals
Sexually immature adult male tilapia Oreochromis niloticus bought from a commercial farmer were allowed to adjust to our laboratory conditions for several weeks. All fish were kept in freshwater under a natural photoperiod (10 h of light, 14 h of darkness). The water temperature was maintained at 26 Ϯ 1 C. The fish were fed commercial fish chow once daily. At the time of death, the average length of fish was 12.5 Ϯ 0.3 cm, the average weight was about 59.1 Ϯ 4.3 g, and the average gonadosomatic index was 0.05. Fish were identified as sexually immature based on the absence of spermatozoa in the testes.
Experimental design
Surgery. Male tilapias were castrated under tricaine methanosulfate anesthesia (MS222, Sigma, St. Louis, MO). A midventral incision was made through the wall of the body cavity, which arched caudoventrally toward the anterior of the urogenital vent. Care was taken to remove the whole length of both testes with a fine forceps. After castration the muscles were stitched back in position using a catgut suture. Five fish were housed in each community tank (length, 60 cm; width, 27 cm; height, 35 cm) containing 40 liters water.
Hormone treatments. Two weeks after the operation, castrated male fish were given a single ip injection of sesame oil (n ϭ 5; Nakarai Tesque, Tokyo) or estradiol benzoate (EB; n ϭ 5; 5 g/g BW; Sigma) or l-T 3 (n ϭ 5; 5 g/g BW; Sigma) or KT (n ϭ 5; 5 g/g BW; gift from Dr. Graham Young, Otago University, New Zealand). Hormones were dissolved in 100% ethanol (5 mg/20 l), then diluted with sesame oil to their final concentration. The selected doses of hormones produced physiological levels of T 3 , estrogen, and 11-ketotestosterone similar to those of reproductively active male and female cichlids, the tilapia Oreochromis mossambicus and the Haplochromis burtoni [female T 3 (31) , male T 3 (32) , female estrogen (33), male estrogen (34) , and male KT (35) ]. Twenty-four hours after the injection animals were anesthetized by immersing them in a 0.01% solution of MS222 before sacrifice by decapitation. The brains were removed and processed for in situ hybridization. Blood samples were collected to determine levels of estrogen, T 3 , and KT by RIA.
RIA of estrogen, T 3 , and KT
Twenty-four hours after hormone injections, blood samples were obtained between 1400 and 1700 h. About 100 l blood were collected from each fish into heparinized microsyringes from the caudal peduncle. The blood was stored at 4 C for several hours and centrifuged at 4000 rpm to obtain the plasma. The plasma was kept frozen at Ϫ80 C. Plasma estrogen, T 3 , and KT were measured by RIA (36) . The assay sensitivity was 50 pg/ml. The results were statistically analyzed using Student's t test.
In situ hybridization protocol
The in situ hybridization method used has been described previously (37) . Briefly, the brains from all experimental groups were fixed in Bouin's solution for about 18 h. The tissues were then dehydrated through graded ethanols (n-butanol) and embedded in Paraplast Plus (Oxford Labware, St. Louis, MO). Serial sagittal 10-m sections were mounted onto Silane (Shinestu Silicon Chemicals, Tokyo, Japan)-coated glass microscope slides, dried on a warm plate at 37-42 C, and kept at room temperature until in situ hybridization was carried out. In situ hybridization was performed using commercially synthesized oligonucleotide sense and antisense probes (Greiner Japan, Tokyo, Japan), 30-mer complementary to mRNAs coding for amino acids 1-10 of each preprohormone, that is, the GnRH-coding region of salmon, seabream, and chicken GnRH II (29, 38, 39) . The oligonucleotide probes (12 pmol/ l) were 3Ј-end labeled with [␣- 35 S]deoxy-ATP (60 pmol; 1250 Ci/mmol; New England Nuclear, Boston, MA) using terminal transferase (25 U; Roche Molecular Biochemicals, Indianapolis, IN) to a specific activity of about 10 6 cpm/l. The end-labeled probes were suspended in Tris/ EDTA buffer [0.1 m Tris-HCl (pH 7.6), 10 mm triethylamine, and 1 mm EDTA] and isolated through Sephadex G-25 spin columns. A saturating concentration for each of the three GnRH complementary oligonucleotide probes was determined by applying varying amounts of 35 Slabeled probe, ranging from 1-20 ϫ 10 4 cpm/section. Based on the saturation curve, 5 ϫ 10 4 cpm (salmon GnRH, chicken GnRH II) or 10 ϫ 10 4 cpm (seabream GnRH) labeled probe in 35 l hybridization buffer were applied to each tissue section. Control sections were incubated with excess probe or with hybridization buffer lacking the complementary DNA probes. Sections were hybridized at 37 C for 60 h. Then, they were rinsed twice in 2 ϫ SSC (1 ϫ SSC ϭ 0.15 m NaCl and 15 mm sodium citrate) at room temperature for 10 min, in 0.5 ϫ SSC overnight, and in 0.1 ϫ SSC for 6 h. After the wash, all sections were dehydrated, dipped in Kodak NTB3 emulsion (Eastman Kodak Co., Rochester, NY), and stored, desiccated, at 4 C for 10 days. After development in Kodak D-19 developer and fixer, the sections were counterstained with cresyl violet.
Analysis of GnRH neuronal numbers, neuronal sizes, and mRNA concentrations
The terminal nerve GnRH neurons are closely packed and form a ganglia. To determine the volume of the terminal nerve ganglia, the labeled area in every section along the whole rostral-caudal length of the ganglia was measured, and the sum of all of the labeled areas was obtained and multiplied by the section thickness (10 m). As the preoptic and midbrain GnRH neurons ranged between 20 -30 m 2 in diameter, all labeled cells localized in each 30 m of tissue along the whole rostral-caudal axis of the brain were analyzed. As each brain section contained labeled cells of varying diameter, we therefore analyzed the percentage of GnRH cells for each of the different cell profile areas. Silver grains per cell (per unit area) or per unit volume (terminal nerve ganglia) were quantitated using an MCID image analyzing system (Imaging Research, Inc., Brook University, St. Catharines, Canada) at ϫ300 magnification. For comparisons, previously reported data for untreated fish from the present experiment (38) were used for statistical analyses with Duncan's new multiple range test.
The results of image analyses were reexamined by drawing each section containing labeled cells. The outline of all the brain sections and the positions of all preoptic and midbrain GnRH cells were charted on the drawings with the aid of a camera lucida attached to an Olympus Corp. light microscope (New Hyde Park, NY) at ϫ4 magnification. The brains were reconstructed to determine the "true" cell numbers.
Results
Animals treated with T 3 , EB, or KT had significantly elevated, but physiological, levels of plasma estrogen (EB, 3.6 Ϯ 0.9 ng/ml; oil, 0.4 Ϯ 0.1 ng/ml), T 3 (T 3 , 4.6 Ϯ 1.2 ng/ml; oil, 0.2 Ϯ 0.07 ng/ml), and KT (0.9 Ϯ 0.3 ng/ml; oil, 0.1 Ϯ 0.06 ng/ml) compared with oil-treated fish (P Ͻ 0.0001, by Student t test).
Using the probes directed against mRNAs of the three GnRH variants, no coexpression was observed; instead, each probe specifically labeled cells in only one of the three brain regions known to express GnRH. Sections from oil-, EB-, T 3 -, and KT-treated groups displayed a similar distribution of GnRH cells. Salmon GnRH mRNA-expressing cell bodies were seen as a terminal nerve ganglia (nucleus olfactoretinalis) at the caudalmost part of the olfactory bulbs, seabream GnRH mRNA-containing cells in the preoptic area, and chicken GnRH II mRNA-containing cells in the midbrain tegmentum (Figs. 1-3) . These results are consistent with our earlier observations using in situ hybridization and immunocytochemistry (28, 29, 37) .
Terminal nerve neurons (salmon GnRH mRNA)
The number of silver grains per unit volume (grains per mm 3 ) of oil-treated animals was 11.6 Ϯ 2.3 ϫ 10 6 grains/ mm 3 , and this was not different from that of EB-treated animals (9.9 Ϯ 1.2 ϫ 10 6 grains/mm 3 ) or KT-treated animals (11.0 Ϯ 2.7 ϫ 10 6 grains/mm 3 ). The number of silver grains per unit volume decreased significantly after T 3 treatment (4.5 Ϯ 0.7 ϫ 10 6 grains/mm 3 ; P Ͻ 0.01 compared with oil and KT; P Ͻ 0.05 compared with EB; Figs. 2 and 4, left panel) .
The total volume of the terminal nerve neurons (ganglia) containing salmon GnRH mRNA (right and left halves included) was not different between oil (11.6 Ϯ 2.1 ϫ 10
, and KT (9.3 Ϯ 0.4 ϫ 10 Ϫ4 mm 3 ) treatment groups (Fig. 4 , right panel).
Preoptic neurons (seabream GnRH mRNA)
In the oil-, EB-, and T 3 -treated groups the distribution of cells expressing seabream GnRH mRNA was skewed to the left, indicating that majority of cells have lower grain counts, whereas in the KT-treated animals, GnRH neurons were seen expressing different densities of seabream GnRH mRNA, with almost equal numbers of cells having grain densities ranging from 1-45 grains ϫ 10 4 /mm 2 ⅐cell, as represented in Fig. 5 (left panel) . However, when the mean values of silver grain densities were combined to give experimental group means, there was no change in the total grain counts after EB, T 3 , or KT treatment (oil, caused extreme variation in GnRH cell numbers and mRNA levels that apparently shifted the distribution to the right and increased the se, which explains the statistically insignificant influence of KT (Figs. 5 and 6, left panel) .
Midbrain neurons (chicken GnRH II mRNA)
In the oil-treated animals, GnRH neurons expressed different densities of chicken GnRH II mRNA, with almost equal numbers of cells having grain densities ranging from 1-48 grains ϫ 10 4 /mm 2 ⅐cell, as represented in Fig. 7 (left panel). After EB, T 3 , and KT treatment, the number of cells expressing low cellular GnRH mRNA increased, with a distribution significantly skewed to the left of that in the oiltreated group (Fig. 7, left panel) . However, when the mean silver grain densities were combined to give experimental group means, there was no change in the total grain counts after EB, T 3 , or KT treatment (oil, 19.9 Ϯ 4.4; EB, 12.2 Ϯ 1.8; T 3 , 15.0 Ϯ 2.7; KT, 15.8 Ϯ 1.6 grains ϫ 10 4 /mm 2 ⅐cell; Fig. 7 
, left panel inset).
In all experimental groups, each brain section of the midbrain area contained GnRH cells of different sizes, ranging from 60 -920 m 2 (median, 360 m 2 ; Fig. 7, right panel) . When the mean cell profile areas were combined to give experimental group means, there was no significant difference in the total cell profile area among experimental groups (oil, 375.3 Ϯ 18.7; EB, 390.9 Ϯ 20.5; T 3 , 408.8 Ϯ 13.6; KT, 382.2 Ϯ
FIG. 3. Darkfield photomicrographs of preoptic seabream GnRH mRNA-containing cells after oil (A), EB (B), and KT treatment (C). Preoptic GnRH cells are smaller in size than midbrain GnRH cells (D-F). Midbrain chicken GnRH II mRNA containing cells after oil (D), EB (E)
, and KT (F) treatments. Hormonal manipulations show no effect on chicken GnRH II mRNA content. Scale bar, 50 m. 
Discussion
In the present study we examined whether T 3 , EB, and KT could alter a specific population of GnRH mRNA-containing neurons in the sexually immature male tilapia. The number of neurons expressing GnRH mRNA and the relative degree of expression were analyzed using in situ hybridization and quantitative image analysis with deoxyoligonucleotide probes complementary to the cichlid GnRH-coding region (29, (37) (38) (39) . The specificity of our method to detect salmon GnRH mRNA in the terminal nerve-nucleus olfactoretinalis, seabream GnRH mRNA in the preoptic area, and chicken GnRH II mRNA in the midbrain is evidenced by the similarity in distribution of our labeled cells with previous immunocytochemical and in situ hybridization studies as well as the absence of positively labeled cells in sections treated with excess probes or with hybridization buffer lacking the complementary DNA probes (28, 37) . Several important conclusions about the regulation of brain region-specific GnRH mRNA-containing neurons by T 3 , EB, and KT can be drawn from this experiment. First, the most dramatic effect of T 3 was observed in the terminal nerve ganglia, in which there was a pronounced decrease in GnRH labeling intensity. Second, although manipulations of EB significantly increased the number of labeled preoptic GnRH cells, KT treatment had the tendency to increase their labeling intensity. Finally, T 3 , EB, and KT treatments had no influence on the midbrain GnRH mRNA content or neuronal numbers, indicating that another regulatory pathway might operate chicken GnRH II-containing neurons.
Terminal nerve neurons (salmon GnRH mRNA)
In amphibians and salmonids at the climax of metamorphosis, which coincides with a peak in thyroid hormone, forebrain GnRH neurons develop elaborate neurite arborization and GnRH peptide expression, followed by a rise in plasma testosterone and estrogen levels (3, 19 -21) . The present study further emphasizes that the terminal nerve GnRH neurons are influenced by T 3 treatment, which significantly lowers copies of cellular salmon GnRH mRNA in sexually immature tilapia. Considering these results, it is logical to postulate that the effect of thyroid hormone on the terminal nerve GnRH neurons can have consequences on reproductive functions. In this context, it is worth noting that overexpression (hyperthyroidism) of thyroid hormone during prepubertal development in rodents prevents maturation of the ovary (17) and causes anestrus in the adult sheep (15) . Interestingly, in the tilapia, the expression of terminal nerve salmon GnRH first begins on day 10 Ϯ 1 (29) , which coincides with a significant decrease in thyroid hormones (40) . Therefore, it is reasonable to assume that during early development in the tilapia, the high concentrations of endogenous thyroid hormone (31) , independently or in concert with neurotransmitters/neuromodulators (␥-aminobutyric acid, opioids, neuropeptide Y, galanin, and neurotensin) (9, 10), could suppress the onset of sexual maturation by inhibiting the terminal nerve GnRH neurons. On the other hand, the initiation of maturation or reproductive activity is the result of a decrease in thyroid hormone as seen in salmonids (3, 20, 41) and sheep (14) . Interestingly, sexually mature tilapia have low levels of thyroid hormones (31, 32, 40) but high levels of terminal nerve salmon GnRH mRNA (28) relative to tilapia treated with thyroid hormone (present study). What remains uncertain is the mechanism by which thyroid hormone regulates the inhibition of salmon GnRH mRNA during sexually immature stages. Several assumptions can be considered. First, it is possible that T 3 activates GnRH neurons or GnRH target tissues involved in the maturation of the hypothalamo-hypophyseal-gonadal axis in sexually immature animals and thereby increases the demand for GnRH peptide. Therefore, the decrease in salmon GnRH message could be the result of rapid translation of message to GnRH peptide synthesis/secretion. However, it is also possible that thyroid hormone could act directly on terminal nerve GnRH neurons to decrease their synthetic capacity or promote degradation of GnRH mRNA, but it remains to be seen whether terminal nerve GnRH neurons possess thyroid hormone response element and/or thyroid hormone receptors to qualify as an alternative pathway. Thyroid hormone could act via estrogen response element, reported in the promoter of the terminal nerve salmon GnRH gene in the salmonids (Onchorynchus nerka) (42) . Apparently, estrogen response element is either absent in the tilapia salmon GnRH gene or it is nonoperational during sexually immature stages, as EB administration had no effect on salmon GnRH mRNA. A more likely scenario would be that the expression of terminal nerve GnRH is mediated by an intermediate agent. There is evidence in mammals suggesting that thyroid hormones and reproductive hormones are functionally linked insofar as thyroid hormone stimulates testosterone production (43) and the onset of puberty (44) . Further, our previous study showed that T 3 stimulates testosterone production in the tilapia (34) and that testosterone (28), but not KT (nonaromatizable androgen) (45) or estrogen (unpublished observations), lead to an increase in terminal nerve salmon GnRH mRNA in sexually mature male tilapia. Therefore, based on these findings we postulate that T 3 by regulating androgen receptors (46) could influence the androgen responsiveness of the terminal nerve GnRH neurons during sexually immature stages (Fig. 8) .
Preoptic neurons (seabream GnRH mRNA)
Estrogen has been demonstrated to regulate transcription of the GnRH gene, but reports concerning the concentrations of preoptic GnRH peptide and mRNA, and GnRH neuronal numbers are conflicting (25, 26, 47) . In the present study, considering that replacement with KT, a nonaromatizable androgen, had no effect on preoptic GnRH neuronal cytology or total GnRH mRNA levels supports the inhibitory effect of testosterone on preoptic seabream GnRH mRNA in the tilapia (28) , and the androgen-induced increase in neuronal size and neuronal numbers in bonyfish (35, 48) is probably mediated through an aromatase pathway. Furthermore, replacement with EB, but not KT, dramatically increased the total number of detectable preoptic GnRH-expressing neurons, which equaled those in sexually mature tilapia (28) , suggesting that estrogen-induced positive feedback in sexually immature fish, might involve recruitment of additional, previously low (or non-) expressing GnRH neurons as reported in rodents (49 -51) . However, we and others (50) did not observe a marked increase in detectable levels of preoptic GnRH mRNA, much as has been reported in some mammalian species (25, 26, 47) . Our inability to observe an estrogen-induced significant increase in preoptic GnRH mRNA may reflect one of two possibilities. First, GnRH is induced, but to a lower degree of activation. Second, we may have missed the peak of GnRH mRNA expression, at a sampling time not examined in this study. In any case, our data do support the assumption that the neurons of the preoptic area are the population of GnRH neurons that are responsive to estrogen. The pathways through which estrogen influences GnRH gene transcription are not yet established in vertebrates. There is no positive evidence for the expression of classical estrogen receptors in GnRH neurons of bonyfish (52) . The lack of estrogen receptor immunoreactivity alone is, however, not definitive evidence for the absence of estrogen receptors in GnRH neurons, as shown recently in rodents; this could be due to technical difficulties (53) . We, therefore, do not preclude a direct effect of estrogen on preoptic neurons because of the presence of estrogen response elements in the promoter of preoptic seabream GnRH gene (54) . Also, it remains possible that preoptic GnRH neurons express estrogen receptors during early embryogenesis and that estrogen receptor synthesis is abruptly down-regulated and therefore become undetectable because of their low abundance or rapid turnover, as sexual maturation progresses. Furthermore, estrogen receptor subtypes, such as estrogen receptor ␤ (55, 56) or alternatively spliced forms, might exist in preoptic GnRH neurons of bonyfish that could mediate estrogenic influence. Besides a direct effect, it is possible that estrogen receptor-containing neurons in other brain sites act as intermediaries that could regulate GnRH mRNA via afferent projections to the preoptic GnRH neurons. Neuronal afferents of diverse chemical phenotypes synapsing on GnRH neuronal cell bodies have been implicated in stimulating or inhibiting GnRH mRNA expression in response to estrogen (9, 10, 27, 57) . Unfortunately, in bonyfish the limited data demonstrating the afferent projections or colocalization of neuropeptides, androgen and estrogen receptor subtypes, and GnRH do not allow us to distinguish among the above possible interpretations.
Midbrain neurons (chicken GnRH II mRNA)
Our previous study using juvenile and adult castrated male tilapia showed no effect of steroids (T 3 , estrogen, testosterone, progesterone) on chicken GnRH II cell numbers, cell sizes, and mRNA levels (28, 30, 38) . Similarly, in chickens, testosterone has no effect on chicken GnRH II peptide content (58) . Therefore, in the tilapia, chicken GnRH II mRNA-synthesizing neurons may not be targets for the feedback effects of steroid hormones. However, it is tempting to speculate that the decrease in chicken GnRH II mRNA, although not significant, might be an estrogenic effect, because androgens in combination with estradiol could decrease chicken GnRH II peptide in the European eel (59) . Further, evidence from studies in the musk shrew indicate that chicken GnRH II peptide is modified by ovulation, and that ovarian hormones can modulate some aspects of its production and/or release (60, 61) . Although no known function has been described for the chicken GnRH II in teleosts, the chicken GnRH II-containing midbrain neuronal group in mammals (60 -62) has been implicated in reproductive behavior (63) . Certainly, further studies are required to test and clarify the regulatory mechanisms of chicken GnRH II. Understanding the expression pattern of the chicken GnRH II gene will be fundamental to elucidate its function in vertebrates.
The present study provides evidence that midbrain chicken GnRH II-containing neurons are insensitive to steroid hormones in sexually immature animals. The study also shows that thyroid hormone promotes inhibition of terminal nerve salmon GnRH expression during sexually immature stages, and the rise in estrogen, at the onset of sexual maturation, recruits additional preoptic seabream GnRHcontaining neurons that are fundamental to reproduction. The significance of brain region-specific changes in GnRH mRNA expression in relation to sexual maturation warrants further investigation. 
